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HIV-1 recombination was studied in vitro by viral cocultivation of four combinations of strains of subtypes B, D, and F. Viral
cocultivations were performed in MT-4 cells and maintained for 22 days. The parental and recombinant forms were quantified
by a specific PCR system in an env fragment of 2500 nucleotides. On day 5, there was a close correlation between the
proportion of recombination and the genetic distance between strains. In three of the four viral combinations studied, a
steady increase in the proportion of recombinant genomes was observed over time. This rise coincided with the progressive
loss of one of the parental strains, resulting in less diverse viral populations. Nucleotide sequencing of biological recombi-increasing number of crossovers per clone with time. © 2
INTRODUCTION
Recombination is considered to be the most important
evolutionary mechanism in the natural history of HIV
(McCutchan, 2000), although the error-prone viral repli-
cation system produces a large number of point muta-
tions (Domingo et al., 1996; Mansky and Temin, 1995).
The importance of recombination in HIV-1 and Retroviri-
dae is related to the incorporation of two copies of viral
RNA in the virion (Hu and Temin, 1990b) and to special
characteristics of the reverse transcriptase enzyme (RT)
(Coffin et al., 1997). Genetic recombination allows evolu-
tion to occur faster than in its absence due to the incor-
poration of larger genomic fragments (Barton and Char-
lesworth, 1998). Apart from evolutive consequences, re-
combination could recover fitness from parental strains
(Lai, 1992) as in biological clones subjected to Mu¨ller’s
ratchet (Escarmis et al., 1999), or fill the phylogenetic
gap between different subpopulations within patients
(Casado et al., 2001), or contribute to antiviral resistance
(Kellam and Larder, 1995; Moutouh et al., 1996).
Molecular epidemiological studies have revealed the
importance of recombination in the natural history of
HIV-1. The first recombinant viruses detected were of
subtype E strains, and were, in fact, A–E recombinant
viruses or a circulating recombinant form (CRF01), ac-
cording to the approved nomenclature of isolates (Korber
et al., 1998). In Africa, all HIV-1 types and subtypes are
present and frequently cocirculate in the same region. In
some studies it has been estimated that between 10 and
20% of isolates are recombinant viruses (Kampinga et al.,0042-6822/02 $35.00
© 2002 Elsevier Science (USA)
All rights reserved.
392vier Science (USA)
1997; Hoelscher et al., 2001). Recombinant forms are
detected with increasing frequency and currently repre-
sent the most important challenge in the molecular epi-
demiology of HIV (Liitsola et al., 1998; McCutchan, 2000;
Thomson et al., 2000). Studies have been undertaken to
evaluate and quantify recombination in other retrovi-
ruses using reporter genes in artificial constructs (Hu
and Temin, 1990a) and also in vitro in HIV-1 (Kuwata et
al., 1997).
We have carried out a comparative study on HIV-1
recombination in an in vitro model by cocultivating two
strains from subtypes B, D, and F in MT-4 cells. The
amounts of parental and recombinant viruses in the viral
cocultivations were estimated at two time points, and
kinetic and clonal analyses were carried out to evaluate
the nature and dynamics of the different genetic forms in
the cocultivations.
RESULTS
Biological characterization of the strains
Before establishing the viral cocultivations, we biolog-
ically characterized the strains to select those with sim-
ilar characteristics. All the viruses had the syncytium-
inducing phenotype and were able to form plaques in the
MT-4 plaque assay. They were titrated in tissue culture-
infective doses (TCID50) and in plaque-forming units
(PFU) in MT-4 cells. All viruses displayed similar titers
(summarized in Table 1). MT-4 cells, which express the
CXCR4 but not the CCR5 coreceptor, were used for the
cocultivations. The coreceptor usage of the strains is
also shown in Table 1 (Bjo¨rndal et al., 1997; Doms et al.,
1998). All strains used as main coreceptor the CXCR4nant clones from the B/D cocultivation revealed a higher
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and subtype F strain 93BR20 was dual tropic (CXCR4–
CCR5).
To analyze the viral replication of each strain, RT ac-
tivity in the culture supernatant and cell viability were
monitored; the results are shown in Figs. 1A and 1B,
respectively. As can be seen, the four strains displayed
similar kinetics and levels of RT activity, although sub-
type D strain had a peak of RT activity on day 9 postin-
fection. The MT-4 cell viability data showed very similar
profiles of cell death, indicating a similar viral replication.
Detection and quantification of the different HIV-1
proviral DNAs present in the viral cocultivations
The study of in vitro HIV-1 recombination was carried
out by cocultivating different combinations of strains in
MT-4 cells. Four virus combinations, three inter-subtype
(B/D, B/F, and D/F) and one intra-subtype B (LAI and RF
strains), were evaluated. To detect and quantify the dif-
ferent species present in each viral cocultivation, a set of
specific primers was designed (see Materials and Meth-
ods). The two types of recombinant genome were de-
tected using crossed primers. The specificity of each
primer combination was tested, as can be seen in Fig. 2.
We also checked that the PCR method performed with
crossed primers amplified the two types of recombinant
genomes, but the technique failed to yield amplification
from a mixture of parental DNAs, as shown in lanes BD
and DB of Fig. 2. One of the quantifications performed
for the B/B (LAI/RF) cocultivation on day 5 is presented in
Fig. 3. The quantification of the parental forms is shown
in the top part of the gel and those of the two recombi-
nant forms are shown below. The regression lines of
each standard species of the RF, LAI, RF-Lai recombinant
(RL), and Lai-RF recombinant (LR) had associated corre-
lation coefficients (r 2) greater than 0.89 (data not shown).
Analysis of the prevalence of the recombinant forms
during cocultivations
To study the prevalence of the recombinant forms in
the viral cocultivations, the latter were maintained and
TABLE 1
Biological Characteristics of the Strains
Strains Subtype Biotypea Coreceptorb Titer TCID50/ml Titer PFU/ml
LAI B SIOX4 CXCR4 1.8 105 1.8 105
RF B SIOX4/R5 CXCR4-CCR5 1.8 106
92UG24 D SIOX4 CXCR4, CCR8c, V28c, CCR3d 4.2 105 1.75 105
93BR20 F SIOX4/R5 CXCR4-CCR5 5.6 105 8 104
a The biotype is characterized by the SI, syncytium induction in MT-2 cell phenotype, and by the coreceptor usage X4 for CXCR4 and R5 for CCR5.
b Data from Trkola et al., 1998, Rucker et al., 1997, Bjo¨rndal et al., 1997 and Doms et al., 1998.
c Indicates that the coreceptor used was determined only by fusion assays rather than by virus infection.
d The virus isolate used the CCR3 coreceptor, whereas the cloned env from this isolate did not (Bjo¨rndal et al., 1997).
FIG. 1. Kinetics of viral replication of viruses in MT-4 cells. The
kinetics of the viral replication of each strain used in the viral coculti-
vations were analyzed in single infections in MT-4 cells as described
under Materials and Methods. The viral replication in (A) was mea-
sured by the RT activity assay, performed as indicated under Materials
and Methods, and as previously described (. . .). The intensity of the
radioactive spot was quantified with the help of the PC Bas program
and the titers were expressed in arbitrary PSL units. (B) Cell viability
measured with the trypan blue dye.
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evaluated on days 5 and 22; the results are shown in
Tables 2 and 3, respectively. By day 5, recombinant forms
were detected in all the cocultivations performed; their
proportions are summarized in Table 2. In the B/D mix-
ture we found 8% of recombinant genomes, with 5%
corresponding to the BD recombinants (i.e., the 5-end is
of subtype B and the 3-end is of subtype D) and 3% to
the DB genomes. The recombinant genomes were iden-
tified in the same way thereafter. A total of 2.6% recom-
binant species was estimated to be present in the B/F
cocultivation. Almost all of them were of the BF type,
while a very small number were of the FB type. In the D/F
subtype combination, only 0.6% of recombinants were
detected, all of which were of the DF type. In the study
carried out on subtype B, 11% of genomes were esti-
mated to be recombinant, 10% corresponding to the LR
type and 1% corresponding to the RL genomes. The low
percentage of recombinants in D/F culture can be ex-
plained by the very unbalanced proportion of parental
viruses in the cocultivation (see Table 1), which reduced
the possibility of cell coinfection. In the group of strains
studied, we found a good inverse relation (with an r 2
value of 0.87) between the proportion of recombinants
and the genetic distance between strains.
The viral cocultivations were maintained for 22 days
and the recombinant forms were again quantified at the
end of the culture. The results from day 22 are shown in
Table 3. All the recombinant forms present in significant
percentages on day 5 displayed higher percentages on
day 22, except in the D/F cocultivation, in which the
recombinant forms became undetectable. Total recom-
binant percentages rose from 8 to 22% in the B/D (2.8),
from 2.6 to 17% in the B/F (6.5), and from 11 to 22%
within subtype B (2). In two viral combinations, B/D and
B/F, the increase in recombinant forms yielded higher
percentages than one of the parental strains (see Table
2). In the B/F combination the proportion of parental B
strain on day 22 had decreased but had not yet been
exceeded by the recombinant forms (see next para-
graph). All quantifications were derived from the analysis
of approximately 25% of the proviral genome.
Kinetic analysis of the viral forms present in the
cocultivations
To extend the study of the dynamics of the prevalence
of the recombinant forms arising during viral cocultiva-
tion, we analyzed the B/F and B/B (Lai/RF) combinations
at different times (Figs. 4A and 4B). We observed that the
total percentage of the recombinant forms increased
FIG. 3. PCR Quantification of the different HIV-1 proviruses found in
the B/B cocultivation. Proviral DNA obtained from supernatant of day 5
in the RF/LAI culture was used to amplify the four different species LAI,
RF, and recombinant forms, LR and RL. An arrow with a lowercase letter
on top indicates the primers used for the amplification of the different
DNAs. For example, the lowercase I identifies the LAI strain-specific
primer. In each part of the gel is shown the quantification of each
genomic form grouped by a brace. The left part of each group shows
the amplification obtained with decreasing dilutions of the correspond-
ing standard plasmid of each species. The dilutions and the PCR
conditions are described under Materials and Methods. The same
DNA obtained from the cocultivation was used to quantify the Lai and
RF strains and the recombinant forms.
FIG. 2. Analysis of specificity of primers used to detect different
genomes in the B/D cocultivation by PCR. To detect the different
proviral DNAs in the cocultivation, two pairs of specific primers were
synthesized to amplify by PCR the parental strains B and D. All primers
are designated with an arrow and a lowercase letter, indicating the
subtype or strain they amplify. In the left-hand gel, we used primers
specific for subtype B, as indicated by the arrows above the gel. Lane
B shows the band obtained with the DNA of a subtype B culture. Lane
D shows the lack of amplification of the PCR with these primers with
DNA from a subtype D culture but they could amplify DNA from B/D
cocultivation, as shown in lane B/D. The gel on the right shows the
result of the amplification of recombinants using crossed primers,
indicated by the arrows at the top of the gel. On the left, the primers
used were upstream b and downstream d, and the reciprocal combi-
nation on the right. In lane B/D, we can see the band corresponding to
the amplification of proviral DNA from the B/D cocultivation. These
crossed primers were unable to amplify DNA from a 50:50 mixture of B
and D DNAs, as shown by the absence of a band in the BD lane. The
right-hand part of the gel shows the similar results obtained with the
reciprocal primers.
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with time in both viral cocultivations, reaching higher
proportions in the B/B mixture than in the Lai parental
strain. In the B/F cocultivation, the proportion of the
parental subtype F strain (93BR020) diminished and by
day 22 it had almost been surpassed by the recombinant
forms (see Fig. 4A). The determination of the proportion
of each of the four viruses in the culture allowed the
regression line of each species to be calculated. The
slope thus obtained may be considered to be a measure
of the fitness of each virus (Holland et al., 1991; Yuste et
al., 1999). In the B/F cocultivation, B virus had a slope of
0.74  0.41; F virus had a slope of 1.43  0.43, and the
total recombinant forms had a slope of 0.72 0.07. In the
B/B (Lai/RF) cocultivation, Lai virus had a slope of
1.37  0.98, that of RF virus was 0.26  1.01, and the
slope of the total recombinant forms was 1.11 0.03. The
lower fitness of one of the parental strains in these viral
combinations explains the loss of the parental viruses
and the dominance of the recombinant forms.
Phylogenetic analysis of recombinant viruses arising
in the B/D cocultivation
To study the nature of the recombinant viruses arising
in the viral cocultivations, 22 biological clones were
obtained from the supernatants of the B/D combination
on days 9 and 22. They were sequenced and analyzed as
explained under Materials and Methods. The phyloge-
netic trees derived are shown in Fig. 5. In the env gene
tree, three viruses (22-8, 9-65, and 9-27) were in
branches rooted between the parental strains identifying
them as possible recombinant genomes. In the tree
corresponding to pol gene, we observed more recombi-
nant genomes, of which some, such as 9-41, 22-8, 22-63,
22-82, and 22-90 or samples 22-24 and 22-28, formed
clusters. From this phylogenetic analysis it is evident that
more recombinant events occurred in pol gene than in
env gene.
To map the break points and confirm the recombina-
TABLE 2
Quantification of the Parental and Recombinant Species Present in the Supernatants of the Cocultivations on Day 5
B/Da %  B  Fb %  D  Fc %  LAI  RFd % 
B 73 8.1 B 37 8.1 D 94 2.1 LAI 53 11.1
D 18 3.8 F 60 8.8 F 5 3.3 RF 36 12.2
Rec BD 5 3.4 Rec BF 2.4 2.5 Rec DF 0.6 0.8 Rec LR 10 2.0
Rec DB 3 3.1 Rec FB 0.2 0.2 Rec FD 0 0.0 Rec RL 1 2.3
 BD  DBe 8  BF  FB 2.6  DF  FD 0.6  LR  RL 11
Note. Percentages in this table are the means and standard deviations () of three independent quantifications. Values were obtained, as described
under Materials and Methods, by comparison with the corresponding standard (as shown in Figs. 2 and 3).
a Cocultivation of subtype B (strain LAI) and subtype D (strain UG24).
b Cocultivation of subtype B (strain LAI) and subtype F (strain 93BR30).
c Cocultivation subtype D (strain UG24) and subtype F (strain 93BR30).
d Cocultivation within subtype B (strain LAI) and (strain RF).
e Total percentages of the two recombinant forms.
TABLE 3
Quantification of the Parental and Recombinant Species Present in the Supernatants of the Cocultivations on Day 22
B/Da % b B  Fc %  D  Fd %  LAI  RFe % 
B 70 B 62 5.5 D 98 1 LAI 9 5.6
D 7 F 21 6.1 F 2 0.6 RF 68 4.5
Rec BD 20 Rec BF 14 6.3 Rec DF 0 0.4 Rec LR 18 8.8
Rec DB 2 Rec FB 3 1.8 Rec FD 0 0.0 Rec RL 5 2.4
 BD  DB f 22  BF  FB 17  DF  FD 0  LR  RL 23
Note. Percentages in this table are the means and standard deviations () of three independent quantifications. Values were obtained, as described
under Materials and Methods, by comparison with the corresponding standard (as shown in Figs. 2 and 3).
a Cocultivation of subtype B (strain LAI) and subtype D (strain UG24).
b The standard deviation could not be calculated because only one cocultivation was carried out in this combination of viruses.
c Cocultivation of subtype B (strain LAI) and subtype F (strain 93BR30).
d Cocultivation of subtype D (strain UG24) and subtype F (strain 93BR30).
e Cocultivation within subtype B (strain LAI) and (strain RF).
f Total percentages of the two recombinant forms.
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tion in the clones, sequences from the different recom-
binant viruses were analyzed with Simplot and Mega-2
programs. We found three break points in the env region
and 17 break points in the RT in pol gene. Of the break
points in RT, clones 9-41, 22-8, 22-24, 22-82, and 22-90
shared one recombination point, indicating a possible
common ancestor (see Fig. 6). However, all these clones
differed from clone 9-41 in other crossovers in RT except
virus 22-82, which was distinct in env gene. These re-
sults corroborate the frequent occurrence of new recom-
bination events in recombinant clones.
Genetic characterization of the recombinant viruses
from the BD cocultivation
The maintenance of the cocultivations for 22 days
allowed the study of the prevalence of the recombinant
and parental viruses competing in the same medium. In
Fig. 6 we present the genetic characterization, in five
genomic regions, of the biological clones obtained on
days 9 and 22 in the B/D cocultivation. We observed a
random presence of the two parental sequences in the
viruses of day 9 in the five different regions analyzed. It
is of particular note that by day 22, the frequency of
parental sequences had departed from this random dis-
tribution in pol and env genes. In pol gene (fragment 2 in
Fig. 6), three of the viruses had B sequences (frequency
of 0.23), three were subtype D (0.23), and seven were
recombinant forms (0.53). In env gene (fragment 3), sub-
type B sequences were found in 10 of the clones (0.72),
subtype D in 2 (0.13), and also one recombinant se-
quence (0.08) were detected. In region 4 at the 3-end of
env gene, 10 clones were B (0.72) and 2 clones were D
(0.13). Thus, over only 13 days of cocultivation, we ob-
served a dramatic change in the frequency of the paren-
tal sequences in pol and env genes in the recombinant
viruses. From the selection of the sequences of the two
subtypes in the clones analyzed we deduced that sub-
type B gp120 protein was fitter than the gp120 of subtype
D. Furthermore, recombination does not seem to be
promoted in this fragment of the gp120 protein. In con-
FIG. 4. Kinetic analysis of the B/F and the B/B (LAI/RF) cocultivations. Quantifications of the B/F and B/B cocultivations, performed on different days,
are shown. The previously described quantifications were carried out on days 5, 9, 19, and 22 for the B/F cocultivation (A) and on days 8, 17, and 22
for the B/B (LAI/RF) cocultivation (B). The graph illustrates the percentages of the four genetic species and the total recombinant forms over time.
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trast, recombinant forms and subtype D were the domi-
nant forms in the RT protein, given that on day 9, only one
recombinant was detected, but seven were present on
day 22. Thus, this study has demonstrated the rapid
incorporation of proteins or protein fragments from the
two subtypes into the viruses through genetic recombi-
nation.
DISCUSSION
In this study we have quantified and analyzed the
appearance of recombinant viruses with HIV-1 strains
from B, D, and F subtypes in MT-4 cocultivations. Pro-
portions of the diverse genetic forms produced in the
viral cocultivations were determined on proviral DNA
obtained from secondary cell cultures infected with viral
cocultivation supernatants. This procedure was adopted
because RT-PCR produced unspecific recombinant ge-
nomes from the mixture of two parental RNAs (data not
shown), as previously described (Fang et al., 1998). The
estimation of the amounts of recombinant viruses in the
secondary culture has the advantage that the detected
provirus comes from the infective viruses in the super-
natant of the viral cocultivation. The quantity of recombi-
nant viruses in the secondary viral culture reflects the
infective viruses produced in the cocultivation.
The quantification of parental and recombinant ge-
nomes in the cultures was based on PCR methodology.
The amplification of the standard plasmid serial dilutions
from each proviral DNA was linear (see Figs. 3 and 4),
and the r 2 values were greater than 0.90 in 85% of the
cases. Quantification was carried out with the dilutions
close to the limiting dilution where a better linear corre-
lation exists. In addition, to minimize the variability of the
assay, all amplifications were performed on the same
proviral DNA dilution in parallel amplifications, and each
quantification was carried out in three independent ex-
periments. The estimated value is the mean of the three
replicates (see standard deviations in tables). The quan-
tification performed yields a percentage with respect to
the parental strains and is thus a relative estimate. The
PCR system with crossed primers employed to detect the
recombinant forms does not identify all possible recom-
binant viruses; it discriminates those in which the se-
quences hybridizing with the primers belong to different
strains, but not recombinant genomes with an uneven
number of internal crossovers. It should be stressed that
the recombinant genomes we detected in the study are
not a single homogeneous population but rather a col-
lection of the different recombinant forms present in the
culture.
For recombination to occur, the first and most limiting
factor is the coinfection of the same cell by two different
viruses. This depends on the multiplicity of infection
(m.o.i.) and the characteristics of the infecting viruses.
The strains selected for the study displayed similar
growth and biological characteristics, including corecep-
tor usage, as shown in Fig. 1 and Table 1. Strains with
similar replication dynamics will favor cell coinfection,
whereas viruses with a very rapid replication cycle will
FIG. 5. Phylogenetic trees derived by the Neighbor-Joining method
corresponding to the sequences from the clones obtained from the B/D
cocultivation on days 9 and 22. Clones were picked in an MT-4 plaque
assay as indicated under Materials and Methods and designated by
two numbers. The first indicates the day and the second indicates the
clone number. Clones obtained on day 9 are named 9-16, 9-27, 9-41,
9-48, 9-65, 9-77, 9-79, 9-138, and the 14 recovered on day 22 were
designated 22-2, 22-8, 22-24, 22-28, 22-31, 22-34, 22-43, 22-47, 22-63,
22-67, 22-82, 22-83, 22-87, and 22-90. The upper tree corresponds to the
sequences in env gene and the lower one to the RT sequence in pol
gene. The start of the env tree corresponds to the clones 22-2, 22-24,
22-28, 22-31, 22-34, 22-63, 22-67, 22-82, 22-83, 22-87, 22-90, 9-16, 9-48,
and 9-138. Numbers on the trees indicate the bootstrap value derived
from 199 replicates. Bars represent 10% genetic variation in env tree
and 1% in pol gene.
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dominate the culture and displace the other virus. This
could have occurred in the D/F cocultivation. On day 5,
virus D replicated more rapidly and made up 94% of the
culture, whereas virus F constituted only 5% of the total
(see Table 1). Only 0.6% of recombinant genomes were
detected. The proportion of parental strains was similar
on day 22 with 98% of subtype D genomes and 2% of
subtype F, but no recombinant genomes were detected.
Thus, the dissimilarity of the viral replication cycle is an
important factor that could account for the lack of recom-
bination. However, we do not know the cause of the
difference in the viral replication of the D/F combination
FIG. 6. Schematic representation of genetic characteristics in different genomic regions of biological clones from B/D cocultivation. In this
characterization we considered the 1618–1769 region of gag gene corresponding to the p24 protein (labeled 1) and the region of 6890–7067 (labeled
4) in the 3-end of env gene both analyzed by length variation of the amplicons. Two regions were sequenced, one in pol gene (2101–2714) (labeled
2) and another in env gene (5850–6649) (labeled 3), and finally, the amplification of the downstream primer in position 8200 in env gene (labeled 5)
used in the PCR amplification. Each line represents the genome of each of the clones analyzed. The first line represents the genotype of the parental
subtype D 92BR020 strain, which is identified by the dark hatching; in the bottom line the genotype of the LAI strain is identified by the light shading.
The number on the left identifies the clones that were picked on day 9, in the upper part, and those selected on day 22, at the bottom. Numbers at
the top of the graph identify the genomic region analyzed; the techniques used are listed beneath. On day 9, in the gag gene of the seven clones
analyzed, four were subtype B (frequency of 0.57) and three (0.43) were subtype D. In pol gene this distribution was 2 B (0.24), 4 D (0.57), and one
recombinant form (0.14). In env gene the distribution was again 3 B (0.43) to 3 D (0.43) and one recombinant (0.14). On day 22, in region 1 (gag gene)
of the 13 clones analyzed, 6 were B (0.46) and 7 were D (0.54). However, in pol gene the proportion was 3 B (0.23), 3 D (0.23), and seven recombinant
forms (0.53) were detected. In env gene the subtype B sequences found in the clones were 10 (0.72) and only 2 D (0.13), and 1 (0.08) recombinant
sequence was detected. In region 4, 10 clones were B (0.72) and 2 D (0.13). Finally, in region 5, the distribution was six clones of subtype B (0.77)
and five clones of subtype D (0.33).
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because there was no such difference in the D/F com-
bination, in which there was, in fact, a high percentage of
recombination. Moreover, there were no significant dif-
ferences in the viral dynamics between any of the strains
tested on day 5 (see Table 2 and Fig. 1).
Factors other than cell coinfection may be also oper-
ating to cause the appearance of recombinant viruses.
The first factor to be considered is the homology of the
viral sequences, as previously described in spleen ne-
crosis virus (SNV) (Zhang and Temin, 1994). There is
evidence that the similarity of the sequences is important
for recombination because, on day 5, we found a signif-
icant inverse correlation between the genetic distance
and the proportion of recombination. Moreover, in the
clonal analysis with the B/D combination we recorded
more recombination events in pol gene (13) than in env
gene (2) (see Fig. 6) because in general env displayed a
two- to three-fold greater degree of divergence than did
pol (Quin˜ones-Mateu and Domingo, 1999). Among other
factors that could be intervening in the generation of
recombinant viruses is the physicochemical stability of
the heterozygous virions, because of the more labile
interaction or hindrance between proteins and nucleic
acids from different subtypes. This interaction is also
related to the genetic distance.
The clonal analysis performed in the B/D cocultivation
on days 9 and 22 allowed us to examine whether the
dominance of the recombinant genomes was due to
clonal expansion of variants with greater fitness or to the
generation of new variants. The phylogenetic trees in the
two genes analyzed, shown in Fig. 6, displayed a wide-
spread presence of independent sequences, but also
five viruses (20%) formed a cluster in the pol tree. The
analysis of the crossovers performed by the Simplot
program confirmed these results detecting 19 break
points among the clones, although a common break
point was found in the viruses forming the cluster in pol.
Thus, in the recombinant viruses present on day 22 in the
cocultivation, the majority of the clones resulted from the
generation of new recombinant viruses rather than to
clonal expansion.
The changes observed in the proportions of the se-
quences found in the cocultivations are a reflection of the
relative presence of the two proteins of the subtypes. No
changes were observed in gag (fragment 1) over time.
However, in the env fragment 3, the increasing domi-
nance with time of the subtype B gp120 protein, from 3 of
7 (0.43) on day 9, to 10 of 13 (0.77) on day 22, implies that
it is fitter than subtype D protein. In contrast, in the
reverse transcriptase, the viral cocultivation resulted in a
substantial presence of recombinant proteins in which
subtype D was dominant. These results indicate that
recombination is favored in reverse transcriptase but not
in gp160, and that subtype D reverse transcriptase and
subtype B gp160 displayed higher fitness in this viral
combination. The result in the env region suggests
that the diagnostic PCR fragment, which also in-
cluded one of the hot spots defined by Jetzt et al. (2000),
with 22% recombination, lies outside the sequenced
region.
In this in vitro study, in spite of the limitations of the
culture system, we have obtained several results that
could further our understanding of the natural history of
HIV-1. We found that gp120 from subtype B was selected
over subtype D in the B/D cultivation. In contrast, we
detected more recombination in the RT protein where
subtype D protein predominated over subtype B. Al-
though these differences were derived from a small
number of clones and time points, these results never-
theless illustrate the selection of some inter-subtype
recombinant genomes. In vivo, in the circulating recom-
binant forms (CRFs), crossovers are found frequently at
the 5-end of the RT (see http://www.lanl.gov). This result
could also be the consequence of secondary structures
in the RNAs (Wooley et al., 1998). There were very few
break points in the sequenced region at the 5-end of the
gp120, as also happens occasionally in vivo (2 of the 14
CRFs). Our results confirm that some regions are more
prone to recombination than others, as previously de-
scribed (Jetzt et al., 2000). Additionally, as shown in the
D/F combination, some recombinant viruses are gener-
ated with greater difficulty because of the differences in
the viral cycles. One of the most important results of the
study is the observation of the dominance of recombi-
nant forms over one of the parental viruses, as was seen
in the three combinations with significant recombination
(see Table 2). This is supported by the dynamic analysis
performed in the B/B and B/F combinations and by the
fitness values of the recombinant forms in relation to the
parental strains. The evolutionary consequence of the
loss of one parental virus is a population with smaller
genetic distances between sequences but with higher
heterogeneity because of the generation of recombinant
forms and the production of overall genetic convergence.
In this scenario of more similar sequences, new recom-
bination events are favored.
It is important to highlight that in our quantification
system, we have only screened approximately 25% of the
genome (2400 nucleotides in env gene out of the 9400
nucleotides of the proviral genome). Although we have
obtained evidence that recombination occurs preferen-
tially in defined regions, if the high percentages ob-
tained could be extrapolated to the complete ge-
nome, then almost all genomes would be recombinant
by day 22.
In summary, the results of an in vitro study have pro-
vided insights into the quantification, dynamics, preva-
lence, and nature of recombinant viruses, and the evo-
lutionary consequences of recombination, which could
further our understanding of the natural history and bi-
ology of HIV-1.
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MATERIALS AND METHODS
Cells and viruses
Cocultivations of two HIV-1 strains were carried out in
MT4 cell cultures grown in RPMI with 10% fetal calf
serum. Lai and RF strains were used for subtype B; for
subtype D we employed strain 92UG24, and we em-
ployed strain 93BR020 for subtype F. All strains were
obtained from the UNAIDS/NIH/AIDS repository.
Biological characteristics of the strains
The strains were selected on the basis of them having
similar biological properties such as coreceptor usage,
virus titer, infectivity, and virus production. Viral strains
used the CXR4 coreceptor and formed syncytia. They
were grown in MT-4 cells and titered in an MT-4 plaque
assay, as described in Harada et al., 1985 with modifi-
cations (Sa´nchez-Palomino et al., 1993b), and by employ-
ing the TCID50 method of Spearmann and Ka¨rber. RT
activity was measured in 10 l of the cocultivation su-
pernatant, essentially as described in Victoria Johnson,
1990. Cell viability was calculated by the trypan blue dye
method.
Viral cocultivations
Four cocultivations of two viruses were studied, three
of them between subtypes B/D, B/F, and D/F, and one
within B subtype. MT-4 cells (2  106) were simulta-
neously infected with two HIV-1 strains, at an m.o.i. of 0.1
PFU/cell for each virus. Both viruses were mixed prior to
the addition to the cells, adsorbed for 1 h and 45 min at
37°C, and later removed by centrifugation. The cell pellet
was washed with PBS and resuspended in fresh me-
dium. Viral infections were maintained for 22 days with
the addition of cells when the cytopathic effect was
evident: 2 106 cells on day 5, and 5 106 cells on days
9, 13, 16, and 19. Supernatants from the cultures were
recovered on days 5, 9, 13, 16, 19, and 22, and the cell
pellet was recovered on day 22. Intra-B subtype (Lai/RF)
cocultivation was carried out under the same conditions,
although cells were added on days 8, 13, and 17 and
recovered on day 21, due to the different dynamics of
viral replication.
Detection of recombinant viruses
To detect the recombinant forms arising in the viral
cultivations, cell cultures infected with 500 l of the
supernatants on days 5, 9, 13, 16, 19, and 22 were used
to infect fresh 5  106 MT-4 cells. DNA was extracted
from these cells and recovered 24 h postinfection by
standard techniques. It was quantified at 260 nM and the
HIV-1 proviral DNA was estimated. Exceptionally, due to
low cell numbers, DNA from the Lai/RF cocultivation on
day 5 was extracted with a kit (Instagene, Bio-Rad, CA).
The different proviruses in the cultures were detected
by specific PCR amplification in env gene in a region of
approximately 2500 nucleotides from the signal peptide
to 100–200 nt before the end of gp41 protein. To amplify
the HIV-1 proviral DNA from the different strains, a set of
different primers was designed. Every primer pair was
specific for each virus and did not amplify the other virus
in the cocultivation. The recombinant forms were de-
tected using crossed pairs, one primer from each of the
parental viruses (one up and another down), as previ-
ously described (Kuwata et al., 1997). The B-specific
primers in the B/D cocultivation were 137B, 139B and
155D, 154D for D amplification. In the B/F culture, primers
137b and 143b were used for the amplification of subtype
B and 141f, 142f for F. To detect the presence of D
subtype, primers 155d and 154d were used, and primers
146f, 142f for the detection of subtype F in the DF cocul-
tivation. Within subtype B, primers 137B, 143B were spe-
cific for LAI and primers 273R, 274R for RF strain. The
sequence and localization of the primers is as follows:
137B (5-GTGAAGGAGAAATATCAGCA-3, nucleotides
(nt) 5811 to 5831)
139B (5-CTGCTATGGCTGTGGCAT-3, nt 8265 to 8247)
155D (5-CTGTGTCACTTTAAACTGCATTGAAT-3, nt
6175 to 6201)
154D (5-TCCTGAATCCAATACTGGAG-3, nt 8218 to 8198)
143B (5-TCTACAAGCTCCTTGTACTA-3, nt 8314 to 8294)
141F (5-TGAGGGGGATGCAGAGGAA-3, nt 5810 to 5829)
142F (5-TCTACCAGCTCTTTGCAAAG-3, nt 8314 to 8294)
146F (5-GGGGAAGTGGGGCCTTTTAT-3, nt 5840 to 5860)
273R (5-TGATGGAGATGAGGAAGAA-3, nt 5811 to 5830)
274R (5-GTGAAGAAAAGCTCTAAGAA-3, nt 8308 to 8327)
The nucleotide position of the primers in the genome is
in relation to the HXB2 sequence (Ratner et al., 1985)
Amplification was carried out for the B/D, B/F, and D/F
cultures with the following amplification cycles: 94°C/2
min and 10 cycles of 95°C/45 s, 60°C/1 min, and 72°C/4
min, followed by 25 cycles of 95°C/45 s, 55°C 1 min,
72°C/4 min, and a final incubation at 72°C for 10 min.
The B/B (RF/LAI) amplification was similar, but hybridiza-
tion temperatures were 63 and 57°C, respectively.
Quantification of the proviral species by quantitative
PCR
To quantify the parental and recombinant forms
present in the different cultures, control plasmids were
constructed, inserting amplicons obtained from PCR car-
ried out with specific primers for the parental viruses and
with crossed primers for the recombinant viruses (see
Fig. 2). Amplicons were cloned in plasmid pCR.2.1 using
the TA cloning kit (Invitrogen CA). In each viral coculti-
vation, quantification of each of the four proviral DNAs
was carried out on the same DNA sample obtained from
the coculture. The two parental strains and the two
recombinant forms were quantified by comparison of
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serial dilutions of total DNA from the coculture with
corresponding dilutions of the DNA standard (six tubes
of the standard and four of the culture). Quantification
was achieved by comparing the band intensity of each
amplified product with the corresponding control plas-
mid in 0.9% agarose gels in TAE. The intensity of the
bands was measured using a densitometer with the help
of the PC Bas program. An example of this procedure is
shown in Fig. 3. The proviral DNA copy number was
determined by extrapolating from the regression line
derived from the different DNA concentrations of the
corresponding control plasmid (data not shown). This
DNA quantification was carried out for each virus (the
two parental strains and the two recombinants species)
and the final copy number expressed as percentages.
This number is the mean of the three replicates. A total
of 278 lineal regressions was calculated, yielding r 2
values greater than 0.95 in 69% of cases and greater than
0.90 in 85% of cases (data not shown).
Isolation and characterization of biological
recombinant clones
To isolate and characterize recombinant viruses, bio-
logical clones were obtained by the MT-4 plaque assay
of culture supernatants, as previously described (Harada
et al., 1985). Individual plaques were picked at random
and resuspended in 100 l of complete medium and kept
frozen (70°C) until analysis. DNA was extracted from
each clone in 20 l of this medium following the In-
stagene kit (Bio-Rad) instructions. Recombinant viruses
were detected by PCR in the two genes, gag and env. To
this end the following primers were used: 117GD (5-
CCCCAGACCTGAAGCTCTCTT-3 nt 1748 to 1768) and
118GU (5-AGACAGGTTAATTTTTTAGGGAA-3 nt 1618 to
1645) in gag gene, and 114EU (5-TCCTCAGGAGGGGAC-
CCAGAAA-3, nt 6890 to 6912) and 115ED (5-TTTTAT-
TCTGCATGGGAGGGTGAT-3 nt 7064 to 7040) in env
gene. The two primer pairs gave four amplicons of dif-
ferent sizes that could be resolved in 0.9% TAE agarose
gels. Gag primers gave fragments of 152 nt for subtype B
Lai strain and of 117 nt for subtype D 92Ug24. The env
amplification produced fragments of 176 nt from B virus
and 167 nt for D strains. Eight plaques with a recombi-
nant genome were selected from the B/D culture super-
natant on days 9 and 14 recombinant from day 22.
Sequence analysis of the biological recombinant
viruses
Biological clones were characterized by nucleotide
sequencing in two regions in pol and env genes. These
regions included the two fragments with the most cross-
overs in the HIV-1 genome (Jetzt et al., 2000). pol gene
was analyzed from nucleotide 2102 to 2714 region cov-
ering a small fragment of protease and the first half of RT
up to residue 253. The primers used were 47RU (5-
AGTAGGACCTACACCT-3 nt 2060 to 2075) and 20RD
(5-ACAGTCCAGCTGTCTTTTTCTGGC-3 nt 2866 to
2892). In env gene the region analyzed was from nucle-
otide 5850 to nucleotide 6648, including a fragment from
the signal peptide to the C2 region. The primers used
were 48EU (5-TAGAAAGAGCAGAAGACAGTGGC-3 nt
5778 to 5800) and 115ED (5-GTTTTATTCTGCATGG-
GAGGGTGAT-3 nt 7040 to 7064). The sequenced frag-
ment was of 612 nt in the pol region and of 798 nt in the
env region.
Sequencing was performed in an ABI-prism 377. Se-
quences were aligned using the CLUSTALW program,
version 1.7 (Thompson et al., 1994), and subsequently
edited manually. Genetic distances tables were esti-
mated with Kimura’s two-parameter algorithm and using
the MEGA2 program. Phylogenetic trees were con-
structed using the Neighbor-Joining method and edited
with the Tree View program.
Recombinant sequences and break points were ana-
lyzed with the help of the SIMPLOT program (Ray, 1999)
with a window of 200 nucleotides and a sliding step of 20
nucleotides. Genetic distances between the sequences
of strains were calculated with the MEGA 2 program
(Kumar et al., 2001) using sequences retrieved from the
Los Alamos database. Genetic distances were esti-
mated in 10.5% for the two B strains, 17% in the B/D
mixture, 21% in the B/F, and 21.9% in the D/F strains.
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